To our knowledge, this study reports on the largest cohort of long-term survivors (LTSs) (Ն10 years) following a diagnosis of pancreatic ductal adenocarcinoma (PADC) and identifies the characteristics associated with LTS.
ing the past few decades, significant improvements in diagnostic modalities, standardization in surgical techniques, and advancement in neoadjuvant and adjuvant therapies have been accomplished. 2 Combinations of these factors have led to an acceptable perioperative mortality rate of 2% and some improvements in the 5-year survival rate of up to 27%. [3] [4] [5] However, 5-year survival does not equate with definitive cure. 3, 6 Disease recurrence, especially in the form of local recurrence or pulmonary metastatic lesions rather than hepatic lesions, has been increasingly recognized as the main tumorrelated cause of death due to PADC in patients surviving at least 5 years. 5, 6 Long-term survivors (LTSs) represent a particular subgroup of patients with PADC that remains poorly understood. In recent years, several studies 3, [7] [8] [9] have focused on LTSs (surviving ≥10 years) of PADC to characterize a subgroup of patients for whom definitive cure is possible. These studies are often single-institution reports analyzing a limited number of LTSs, often insufficient to reach definitive conclusions.
In this study, we present what we believe to be the largest report of PADC LTSs (>10 years since diagnosis). We used data collected in the National Cancer Database (NCDB). 10 The primary objective of our work was to identify patient, tumor, surgical, and sociodemographic characteristics associated with 10-year or longer survival following surgical resection for PADC.
Methods
The NCDB is a joint program of the Commission on Cancer of the American College of Surgeons and the American Cancer Society. The program is a nationwide oncology outcomes database that encompasses data from more than 1500 Commission on Cancer-accredited cancer programs in the United States and Puerto Rico. The NCDB captures approximately 70% of all newly diagnosed cases of cancer in the United States. 10 The
University of Colorado institutional review board stated that no official waiver was needed since no patient, physician, or hospital identifiers were examined. A new variable, termed lymph node positivity ratio (LNPR), was created. This variable represents the number of lymph nodes harboring a metastasis divided by the total number of nodes examined. Similar to the work done by Pawlik et al, 12 we used 4 levels for this categorical variable:
negative nodes with a ratio of 0%, positive nodes with a ratio of 1% to 20%, positive nodes with a ratio of greater than 20%, and unknown (either missing the number of nodes examined or the node status of positive vs negative). The total number of nodes examined was transformed into a 4-level variable (0, 1-10, >10, and unknown). The continuous variable describing tumor size in the NCDB was transformed into a categorical variable with 4 levels (<2 cm, 2-4 cm, >4 cm, and unknown). Patient race was categorized into 3 levels: white, black, and other. Additional demographic variables, such as educational level, insurance status, and income, were included in our analysis and used as provided by the NCDB (http://www .facs.org/cancer/coc/fordsmanual.html). Educational and income levels represent the population levels of those variables in the zip code of the patient. The primary end point of this study was long-term survival (≥10 years, yes or no). Patients who survived for 10 or more years were compared with patients who died within the first 10 years following the initial diagnosis. The Kaplan-Meier method was used to evaluate and plot overall survival.
To compare the mortality rate of this cohort with the background mortality rate, a projected life expectancy was generated for each member of the cohort by producing a random number between 0 and 1 for each patient. This value was considered the percentile of survival. The actual life expectancy for this percentile (including age and sex) was calculated using the 2009 life tables from the National Vital Statistics Reports. 13 These projected life expectancies were then compared with the actual life expectancies of the cohort using a log-rank test. Descriptive statistics are reported as the number of events with corresponding percentage, mean (SD), or median with interquartile range unless otherwise specified. Differences between the 10-year survivors and nonsurvivors were assessed using the t test or Wilcoxon rank sum test for continuous variables and the χ 2 test or Fisher exact test for categorical variables. Statistical significance was set at P < .05. Factors that were statistically significant in bivariable analysis for the primary end point (survival ≥10 years) were selected for a forward-selection, stepwise multivariable logistic regression model. For each categorical predictor variable, the reference group was chosen to be the group with the smallest percentage of LTSs. Odds ratios (95% CIs) were calculated for each level of each predictor variable along with the cumulative C index at each step of the regression analysis. Multivariable logistic regression models were evaluated for discrimination using the cumulative C index and for calibration using the Hosmer-Lemeshow goodnessof-fit test. The C index is the proportion of all possible eventnonevent pairs for which the patient with the event has the higher probability of the event. The Hosmer-Lemeshow test evaluates the goodness of fit of the model by comparing observed and expected rates of long-term survival across deciles of risk of the patient pool. A nomogram predicting the likelihood of surviving for 10 or more years from initial diagnosis of PADC was developed.
The nomogram values were derived by multiplying the parameter estimates (β coefficients derived from the multivariable logistic regression equation) by 10/3 (empirically determined to optimize the spread of the final scores) and rounding to the nearest whole number.
14 Using this method, a risk score can be generated for any patient for whom data on the variables used in the model are available. A development model was first generated on two-thirds of the data, and the nomogram was applied to the remaining one-third of the data to validate the approach. Once this process was done, a new model was generated using the entire data set. All statistical analysis was conducted using SAS, version 9.2 (SAS Institute Inc).
Results

Factors Associated With 10-Year Survival
Characteristics of the study cohort are described in eTable 1 in the Supplement. 
Multivariable Logistic Regression Model
Our multivariable logistic regression model found that LNPR was the most important factor associated with LTS ( Table 2 ). An LNPR equal to 0 (N0 disease) was identified in 220 patients (51.0%) of the LTS cohort. This factor resulted in more than a 4-fold increase in the chances of surviving at least 10 years following initial diagnosis compared with the chances in patients with an LNPR of greater than 20% (OR, 4.6; 95% CI, 3.4-6.4). The use of adjuvant chemotherapy in 269 patients (62.4%) was the second most important predictor variable associated with a survival advantage (OR, 2.4; 95% CI, 2.0-3.0). Histopathologic tumor characteristics were included in our multivariable regression model evaluated using OR (95% CI). Tumors classified as pT3 were identified in 222 (51.5%) of the LTS cohort (1.8; 1.1-3.1). Although pT1 tumors were identified in only 80 cases (18.6%), the pT1 stage was strongly associated with LTS (3.1; 1.8-5.6).
Microscopic negative margins of resections were reported in 333 (77.3%) of the LTS cohort (OR, 1.9; 95% CI 1.4-2.6). Positive resection margins (R1 or R2) were present in 53 patients (12.3%) who were LTSs.
The absence of metastatic disease was an almost universal factor shared by patients in the LTS cohort. Three of 572 patients (0.52% survival rate) with synchronous metastatic spread at the time of surgical resection were alive at the 10-year mark. Although misclassification cannot be excluded, LTSs have been described 8 even in the presence of metastasis.
Tumor size at diagnosis ranged between 2 and 4 cm in 248 (57.5%) of the LTS cases (OR, 1.2; 95% CI, 0.9-1.5). Although smaller tumors (<2 cm) were present in only 87 cases (20.2%), this trait was significantly associated with long-term survival (OR, 1.7 95% CI, 1.2-2.5).
Educational level and insurance status were also included in the multivariable logistic regression model. In our LTS cohort, Copyright 2015 American Medical Association. All rights reserved.
Finally, younger age was a significant predictor of 10-year survival. The 10 statistically significant predictor variables resulted in a predictive model with a moderately high C index of 0.768.
The Kaplan-Meier overall survival curve is shown in Figure 2 . The probability of dying following initial diagnosis appears to reach a plateau at approximately 7 years. Although the yearly death rate declined from 47% to 15% during the first 6 years, it remained fairly constant at approximately 10% starting in the seventh year (eTable 2 in the Supplement). One possible explanation for this plateau is that death after year 7 is less likely due to tumor recurrence 7 ; however, the annual death rate in the PADC group continued to be 2-fold higher than the mortality of an age-and sex-matched US general population (4.5%; P < .001) (eFigure in the Supplement).
Nomogram for 10-Year Survival
Based on our multivariable logistic regression model, each variable associated with long-term survival was assigned a specific score ( Table 3 ). The sum of the score assigned to each variable, ranging from 0 to 35, can be used to predict LTS. The nomogram in Figure 3 (see also eTable 3 in the Supplement) presents estimates of the probability of surviving for 10 or more years for different scores based on the scores given in Table 3 . Inclusion or exclusion of patients with perioperative mortality did not change the performance of the model (C index, 0.767 vs 0.761) (eTable 4 in the Supplement).
For example, a 55-year-old patient (score, 4) with a welldifferentiated tumor (score, 3), pT1 tumor (score, 4), tumor size of less than 2 cm (score, 2), LNPR of 0% (score, 5), negative margin (score, 2), no evidence of metastatic disease (score, 6), adjuvant chemotherapy (score, 3), educational level greater than 86% (score, 2), and any type of insurance (score, 2) would obtain a total score of 33 or a probability of 18.1% of LTS.
At the other extreme, a 65-year-old patient (score, 2), with a poorly differentiated tumor (score, 0), pT3 tumor (score, 2), tumor size of 3 cm (score, 0), LNPR of 20% (score, 0), negative margin (score, 2), no evidence of metastatic disease (score, 6), no chemotherapy (score, 0), educational level greater than 86% (score, 2), and any type of insurance (score, 2) would obtain a total score of 16 or a probability of LTS of less than 1.0%.
Validation of the model revealed that the C index for the developmental model applied to the developmental data set was 0.770 and decreased to 0.748 for the developmental model applied to the test data set. The Hosmer-Lemeshow goodness-of-fit test did not show statistical significance, both for the developmental model applied to the developmental data set (P = .05) and the developmental model applied to the test data set (P = .20).
Discussion
We have described what we believe to be the largest cohort of LTSs following surgical resection for PADC in the United States. We identified 431 LTSs (3.9%) and characterized clinical, histologic, and sociodemographic factors associated with LTS.
Schnelldorfer et al 7 described the characteristics associated with long-term survival in a cohort of 21 patients with PADC, reporting a disease-specific survival of 13%. Lymph node metastasis was the only variable significantly associated with LTS. Patients who survived at least 7.8 years from the initial diagnosis had no recurrence of disease. The inves- This figure was prepared using the initial cohort of 11 917 patients; 5 of these patients had no time to event and are not shown in the initial count. These 5 are part of the 836 patients ( Figure 1 ) who were removed before models were run. The remaining 831 patients were censored and do not appear in the models but are shown here.
survived 10 years, and 15 patients were alive 12 years after curative intent surgical resection. Lymph node ratio and blood transfusion were shown to be independent factors predicting long-term survival.
Our work overcomes some of the limitations of prior studies: small sample size and availability of long-term follow-up. In addition, we analyzed patients who underwent resection during a limited period (1998) (1999) (2000) (2001) (2002) . This limited time is advantageous because treatment strategies, surgical techniques, and perioperative mortalities remained fairly constant during the study.
We developed a simple nomogram. A score of 28 or more confers the highest likelihood of 10 or more years of survival following a diagnosis of PADC, although only 64 of 353 patients (18.1%) in this high-score subgroup went on to survive for 10 or more years. The presented nomogram can be used as an extension of the American Joint Commission on Cancer Cancer Staging Manual, seventh edition, 15 since it predicts survival beyond the conventional 5-year mark. Because several variables included in the nomogram are not available at the time of preoperative consultation, our nomogram is best used in the postsurgical setting. The absence of metastatic disease is an almost absolute prerogative for long-term survival and confers the highest score among all factors evaluated (6 points). Although metastatic disease was recorded in 3 cases (0.5%) of our LTS cohort, a misclassification error cannot be excluded.
The absence of nodal disease confers the secondhighest score among all factors evaluated (5 points). Furthermore, LNPR is among the strongest predictors of LTS. Prior publications 12, [16] [17] [18] have shown that LNPR is superior to the number of positive lymph nodes as a marker of overall survival especially when the number of nodes examined is low. Systemic chemotherapy was used in only 40% of the entire PADC cohort. However, more than 60% of the LTS cohort received adjuvant chemotherapy, and its use conferred a substantial survival benefit (3 points). The positive association between the use of adjuvant therapy and LTS could be interpreted as a possible surrogate marker for a less-complicated postoperative course and better overall patient performance status, 19 even though a direct tumortoxic effect of chemotherapy is not excluded. 20, 21 As expected, smaller tumor and younger age are positively associated with LTS: age younger than 60 years and T1 tumor stage each confer 4 points and are the most frequently represented categories in the LTS group. Insurance status was among the selected factors included in our multivariable logistic regression model. With the exception of uninsured status, which was highly underrepresented in the entire cohort as well as in the LTS group (1.4%), we were not able to identify any significant effect of different types of insurance on LTS. Another socioeconomic factor evaluated was educational level, with higher levels of education being associated with the highest likelihood of Abbreviation: NOS, not otherwise specified. a The model-based score was derived from the β coefficient • 10/3 and rounded down to the nearest integer.
LTS. Prior studies 22-24 have identified higher socioeconomic status to be an independent predictor for access to care and likelihood of surgical resection. In our study this trend was confirmed since higher educational level could be seen as a surrogate of higher socioeconomic status. This work has several limitations. First, the intrinsic nature of a population-based study does not allow reevaluation of histologic specimens. However, other authors 3 have noticed that histologic misclassification is identified in less than 6% of cases. Second, the NCDB does not collect information on which specific margins of resection were evaluated. Third, the lack of data on operative or postoperative complications limits our ability to evaluate the role of surgical morbidities on overall survival. Fourth, the NCDB does not collect data on disease recurrence; therefore, the possibility of disease recurrence in patients surviving for 10 or more years cannot be excluded. Furthermore, the survival data presented are not limited to cancer-related death, and patients in this study may have died for reasons unrelated to PADC. Fifth, the NCDB captures approximately 70% of patients with PADC in the United States, and we did not have information on the reminder of the patients. However, there are no reasons to believe that the missing data follow a specific pattern (ie, data missing not at random) that would change the overall conclusion of the data analysis. Finally, the NCDB does not provide information on the details of adjuvant therapy administered.
Conclusions
We have presented what we believe to be the largest study on LTSs with PADC in the United States. Although PADC remains a deadly disease, long-term survival is possible even beyond the 10-year mark. Our multivariable logistic regression model identified lymph node ratio, administration of adjuvant chemotherapy, and pathologic T stage as being the top 3 variables associated with LTS. In addition, we developed a simple nomogram to help identify potential LTSs for surgically resected PADC. what appears to be the largest cohort to date: more than 11 000 patients who underwent surgical resection and found 431 LTSs (3.9%). Of note, among multiple predictors, such as adjuvant chemotherapy, low T stage, and R0 resection, the authors found a low positive lymph node ratio to be the most important predictor of long-term survival. The authors also developed a novel nomogram to predict the probability of long-term survival, with a projected 18.1% survival rate with the most favorable score. A total of 51.0% of the LTSs in this study were nodepositive at the time of surgery, and 12.3% of all LTSs underwent R1 or R2 resection. These findings underscore the importance of systemic therapy. This large cohort was treated between 1998 and 2002, before a wider application of chemotherapy. Only approximately 3% to 5% of LTSs in this study received neoadjuvant therapy. Neoadjuvant therapy is increasingly moving to the forefront of this disease and has been a paradigm shift for the management of borderline resectable or locally advanced tumors. Although the long-term effect of neoadjuvant therapy remains to be seen, we are hopeful that, as more effective treatments come on line, this approach will become standard as has been the case for many other solid malignant neoplasms.
Two other important factors that this study did not address are the ranges of perioperative carbohydrate antigen 19-9, and the presence or absence of perioperative complications, such as delayed gastric emptying, pancreatic leak, and pancreatic fistula. A low preoperative level of carbohydrate antigen 19-9 has been shown 5, 6 to predict longer 5-year survival.
Postoperative complications negatively affect patient recovery and nutritional status and directly delay adjuvant chemotherapy. Lowering postoperative morbidity through the consolidation of pancreatic cancer care to specialty centers is probably also contributing to improved long-term survival. Overall, Paniccia et al 4 have presented a highly commendable retrospective study on the LTSs of pancreatic cancer. There is much to be learned from this cohort of patients regarding the clinical management and tumor biology of this group. With the advances in pancreatic cancer research and the growth of multidisciplinary management, we expect a growing number of patients will realize the benefits of incremental improvement in the management of this lethal disease.
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